Abstract-In this letter, a novel electromagnetic band-gap structure (EBG) with single-ring resonators is inkjet-printed on the commercially available photo paper using conductive nano-silver ink. The printed EBG array is placed above a copper sheet, forming an artificial magnetic conductor (AMC) reflector at the designed frequency range (2.4 2.5 GHz). A microstrip monopole antenna is backed with the designed AMC reflector and is tested in free space and in contact with a human phantom. The antenna gain of a conventional microstrip monopole on human phantom is as low as 9 dBi. The gain of the proposed AMC backed monopole, measured on a human phantom is 0.95 dBi. The measurements demonstrate superior performance of the proposed monopole with EBG array compared to a conventional microstrip monopole antenna when they are considered for wearable applications.
I. INTRODUCTION

U
TILIZATION of a wearable radio system is becoming more and more important because of the constantly increasing demand for tracking, navigation, mobile computing and public safety applications. IEEE 802.15 standard has been established to standardize applications for personal area networks (PANs) and body area networks (BANs). One of the major challenges for the implementation of wearable radio systems is the degrading effect of the human body [1] , [2] . The human body is a very lossy, dispersive material with high dielectric constant ( ) that absorbs a large amount of the radiated electromagnetic power from the antenna. Therefore, it is very common for the gain of the antennas to significantly decrease when the antennas operate close to a human body, which leads to deterioration of the communication range of the radio system as well. In addition, the body-absorbed electromagnetic power may cause unwanted, adverse biological effects. To overcome these challenges, electromagnetic band-gap structures (EBGs) have been suggested to isolate the antenna from the ambient environment [3] - [6] . Manuscript In this letter, a microstrip monopole antenna, backed with an inkjet-printed EBG array and a metallic copper sheet, is proposed. The combination of an EBG array and a metal layer effectively forms an artificial magnetic conductor (AMC) reflector at the designed frequency band of 2.4 2.5 GHz, and consequently isolates the radio system from the human body effect, alleviating the common on-body antenna performance degradation. In this letter, an EBG structure was implemented using a 4 3 array of single split-ring resonators [7] . The EBG array was fabricated using inkjet-printing technology on the commercially available photo paper, which is a low-cost, flexible, recyclable material. The area of the proposed EBGs' unit cell is 60% smaller and one-third thick, compared to previous designs reported in [8] and [6] , respectively.
II. ANTENNA ARCHITECTURE
A. Geometry
The proposed structure consists of a microstrip linear monopole, backed with an EBG array (4 rows by 3 columns) inkjet-printed on the same side with the RF ground plane. Commercially available 0.23-mm-thick paper is used as the RF substrate, with dimensions 127 87 mm . The fabricated EBG-backed microstrip monopole can be seen in Fig. 1 . On the front side of the paper substrate [ Fig. 1(a) ], the linear monopole antenna is 37.4 mm long and 1.3 mm wide, resulting in a 50-, characteristic impedance ( ). An RF copper ground plane with dimensions 10 87 mm is attached on the rear side of the paper substrate [ Fig. 1(b) ]. On the same side, a 4 3 array of EBG cells is inkjet-printed. The array of EBG cells is placed above a metallic layer that forms an artificial magnetic conductor (AMC). The AMC is used to improve the performance of the antenna when it is placed on the human body for a wearable application. The dimensions and the exact shape of each EBG unit cell are summarized in Fig. 2 . The distance between adjacent cells is 2.53 mm. The distance between the bottom row and the copper RF ground segment is 1.27 mm. A 0.1-mm-thick copper sheet with dimensions 150 120 mm is used as the metallic reflector, and a 2.54-mm-thick Styrofoam layer is inserted as spacer between the EBG array and the metallic reflector. In Fig. 3 , the EBG-backed microstrip monopole is placed on top of the Styrofoam slab, and the Styrofoam slab is placed on top of the metallic reflector.
B. Fabrication Process
First of all, the EBG structure is printed by inkjet-printing technology. A commercially available drop-on-demand inkjet printer is used to print EBG structure on paper substrate. The properties of the paper substrate were studied through the use of the microstrip ring resonators [9] . The dielectric constant ( ) of the paper substrate that is 0.23 mm thick is about 3.2 at 2.4 2.5-GHz band. The loss tangent ( ) is about 0.07 throughout the frequency band. For printing, Dimatix 10 pL cartridge was utilized, and it was kept at a distance of 800 m from the surface of the paper on a printing plate of the printer. The printer-head angle was adjusted to achieve a print resolution of 1270 dpi. Cabot conductive ink CCI-300 was jetted at the temperature of 36 , while the paper substrate was maintained at 50 . The printed pattern was sintered in a thermal oven for 2 h at 130 . Next, a monopole antenna and ground plane for antenna feeding is cut out from copper tape and attached on the substrate. The monopole antenna is located on the center of the substrate. Commercial Styrofoam foam, whose dielectric constant ( ) is close to that of air, is inserted between the paper substrate and the copper sheet.
III. AMC REFLECTOR USING EBG STRUCTURE
It has been shown that an EBG structure placed above a metallic layer (AMC reflector) can improve the antenna performance when the antenna operates adjacently to the human body [8] . Therefore, an AMC reflector using EBG structure is designed to isolate the performance of the microstrip monopole antenna, designed for wearable applications, from the detrimental effect of a human body. The AMC reflector is designed by means of reflection phase characterization [10] , [11] . First, an infinite EBG structure is placed above the metallic layer. Then, a plane wave is illuminated onto the infinite EBG surface, and the phase of reflection coefficient ( ) on the surface of the AMC reflector is monitored. Linearly polarized plane waves are used because the EBG surface is composed of polar-sensitive open ring operates, which resonates in quasi-static mode. The surface of the EBG structure can be considered as an AMC reflector if the reflection phase from the surface is in the range of since the reflected waves will be constructively added to radiated waves [11] .
The detailed dimensions of a unit cell of the designed EBG structure are described in Fig. 2 . The overall size of the ring is 25.3 25.3 mm with gap ( ) of 2.53 mm. The thicknesses of the top and bottom sides ( ) are 2.53 mm, and left and right sides ( ) are 3.04 mm, respectively. Pin length ( ) is 6.32 mm, while its thickness is the same as . The circumference of the ring resonator corresponds to one wavelength ( ) at the central frequency (2.45 GHz), in free space, and the thickness of each side is adjusted to optimize the resonance frequency at 2.45 GHz. The distance between pin-to-pin ( ) and the cell-to-cell is selected to the same as the thickness of the top and bottom sides ( ) for the design simplification. For the proposed design, the distance between the EBG structure and the copper sheet is chosen according to the thickness of the commercially available Styrofoam slabs.
Two slabs of the Styrofoam are inserted to keep the distance constant. Fig. 4 shows the calculated phase of the return loss ( ) on the surface of an infinite AMC reflector. The -and -axis polarized plane waves are illuminated in the angle of 0 and 45 on the AMC reflector to investigate its polarization properties. The -axis polarized plane waves show in-phase responses at 2.45 GHz, while -axis polarized ones have out-ofphase responses. Therefore, the radiated waves from the antenna that have a cross polarization will be suppressed by the AMC reflector. For the -polarized wave, the reflection phase is 0 at 2.45 GHz, and the range of having reflection phase from is 2.4 2.48 GHz. Within this frequency range, reflected wave makes constructive interference with radiated wave in the free space. However the practical array size needs to be determined since it is impossible to realize the simulated infinite array. A small size is generally desirable, however the resonating frequency of the microstrip antenna/AMC reflector changes, and the antenna does not operate adequately when the EBG array is too small. This is because the parasitic capacitance between the antenna and the EBG array affects the performance of the whole structure.
In Fig. 5 , simulated return loss ( ) of the antenna having different EBG array size is presented in order to show the effect of the size of the EBG array. The antenna with a 2 1 EBG array does not cover the desired frequency range of 2.4 2.5 GHz. Additionally, the antenna has very poor gain due to mismatch at the desired frequency range. The array size is increased by one row and one column at a time until satisfactory performance is achieved. Finally, the fabricated 4 3 array was chosen as a compensation between relatively small size and high gain, at 2.40 2.48 GHz. In this size, the 4 3 EBG array structure above the copper sheet forms a design that approximates an AMC reflector (with ideally infinite size). Finally, the size of the copper sheet needs to be determined. A width of 20 mm of the copper sheet is extended from each side of antenna in order to block the backscattered waves more effectively, resulting in the copper sheet overall dimensions of 150 130 mm . In Section IV, the effective performance of the AMC reflector is demonstrated in the return loss measurement in Fig. 7 , and the gain measurement is shown in Fig. 9 . 
IV. EXPERIMENTAL RESULTS
A. Return Loss Measurement
Measured and simulated return loss ( ) of the fabricated antenna is presented in Fig. 6 . The effectiveness and usefulness of the EBG array can be assessed by comparing the of the antenna with (w/ EBG) and without (w/o EBG) EBG. While the proposed antenna with the AMC reflector is well matched ( dB) from 2.36 to 2.61 GHz, in the absence of the EBG array, the antenna does not resonate. The return loss measurements presented in Fig. 6 have been taken inside an anechoic chamber, and the measurements are in very good agreement with the simulated results. The relatively wide fractional bandwidth (10.06%) is a result of the designed distance between EBG array plane and the metallic sheet. The two antennas were also tested when they were attached on a human body phantom. Measurement of return loss for the microstrip monopole with and without the EBG array presented in Fig. 7 clearly indicates that the antenna does not resonate without the EBG array, demonstrating the necessity of the AMC in order for the antenna to be used for wearable applications. Return loss measurements in combination with the radiation pattern and gain measurements show that the antenna with the AMC reflector effectively reduces the effect of human body. The phantom is shaped like a human torso [12] , and the antenna is placed in the middle of the phantom's chest during the measurement. The dielectric constant ( ) and conductivity ( ) of the phantom are 35.4 and 1.82 S/m, respectively. 
B. Radiation Pattern and Gain Measurement
Radiation pattern and gain of the antenna is measured in order to evaluate the radiation properties of the antenna in free space and on the phantom. Fig. 8 presents the measured and simulated radiation patterns for the antenna in free space.
-component at 2.45 GHz is plotted on the -and -plane, respectively. The -axis corresponds to [ Fig. 8(a) ], and the -axis corresponds to
[ Fig. 8(b) ]. Simulation and measurements are evidently in good agreement. The shape of the radiation pattern is fairly consistent in the whole frequency band from 2.4 to 2.5 GHz and is almost the same with the presented pattern at 2.45 GHz. To confirm the superior performance of the monopole with the EBG array compared to the antenna with only the metallic layer, gain measurements were taken first for the antennas in free space and, second, attached on the chest of the phantom. Regarding the antenna above copper sheet without EBGs, the distance between the monopole and the copper sheet is kept the same as the antenna above the copper sheet with EBGs in order to demonstrate the effect of the EBGs only.
A few important observations can be made from the measurements presented in Fig. 9 . The first is that the phantom deteriorates the gain of the antenna when the AMC is not implemented. At 2.45 GHz, the simulated gain of a conventional monopole antenna on the phantom without EBGs or ground plane is 9.38 dBi, while the measured gain of the antenna with the metal sheet on the phantom is 7.49 dBi, which is about 2.8 dBi lower than that of the antenna in the free space. The second is that EBG array and the resulted AMC increases the gain to higher than 0 dBi, and the third is that AMC effectively isolates the antenna from the backside environment since the gain remains the same in both the presence and the absence of the phantom. When the gain of the proposed antenna is measured on the phantom, it presents a more than 8-dBi increase compared to the same antenna without the EBG array, proving the usefulness of the resulted AMC, for wearable applications. These results are in agreement with the simulation results since the simulated gain of the antenna with metal sheet on the phantom, without EBGs, at 2.45 GHz is 8.12 dBi, and the gain of the monopole with AMC is 0.86 dBi. Therefore, the detrimental effect of lossy materials like the human body on the antenna gain is very small due to the AMC reflector, which can allow the increase of the maximum communication range.
V. CONCLUSION
In this letter, a microstrip monopole antenna with an inkjet-printed EBG array is proposed for wearable applications. The proposed antenna with the integrated AMC reflector has very low profile ( ) and improved gain. Free-space and on-phantom measurements for , radiation pattern, and gain were conducted to verify the antenna's performance. The measured 10-dB bandwidth covers the whole frequency range of the IEEE 802.15 standard. At the same time, the reported gain increase of 8.44 dBi for the antenna on phantom indicates that the monopole antenna with EBG array is a very good candidate for wearable electronics applications.
